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Rapamycin Reduces Disease Activity and 
Normalizes T Cell Activation-Induced Calcium Fluxing in 
Patients With Systemic Lupus Erythematosus 



Objective. Systemic lupus erythematosus (SLE) is 
;in autoimmune disease of unknown origin. Current 
treatment options are often ineffective or poorly toler- 
ated. Recent observations have revealed mitochondrial 
hypci polarization and enhanced Ca 2+ fluxing in T cells 
from SLL patients. Rapamycin. a lipophilic macrolide 
antibiotic that regulates mitochondrial transmembrane 
potential and Ca 2+ fluxing, has been used safe!;, and 
effectively to treat renal transplant rejection since 1999. 
In addition, rapamycin has been shown to ameliorate 
f cell function and to prolong survival in lupus-prone 
MRI //>/ mice. We therefore undertook the present 
study to investigate whether rapamycin is beneficial in 
patients with SLE. 

Methods. Nine patients with clinically active 
SLE that had been treated unsuccessfully with other 

rapamycin. 2 nig/day 01 ally. Disease activity was as- 
sessed with the British Isles Lupus Assessment Group 
(BILAG) score, SLE Disease Activity Index (SLEDAI), 
and requirement for prednisone therapy. Mitochondrial 
transmembrane potential and <>. 3+ fluxing were as- 
sessed by flow cytometry. 

Results. In patients treated with rapamycin, the 
BILAG score was reduced by a mean ± SEM of 1.93 ± 
0.9 (l> = 0.0218), the SLEDAI by 5.3 ± 0.8 (P = 
0.00002), and concurrent prednisone use by 26.4 ± 6.7 
mg.day W = 0.0062) compared with pre-rapamycin 
treatment. While mitochondrial h> pet-polarization per- 
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sisted, pretreatment cytosolic and milochonrlriai ('a 7 ' 1 ' 
levels and T cell activation-induced rapid Ca 2H lluxing 
were normalized in lapanivcin-trcated patients. 

Conclusion. Rapamycin appears to be a sale and 
effective therapy for SLE that has been refractory to 
traditional medications. Mitochondrial dysfunction 
and Ca 2+ fluxing could serve as biomarkers to guide 
decisions regarding future therapeutic interventions 
in SLE. 

Systemic lupus eryihcmalosus (SLE) is a systemic 
autoimmune disease of unknown origin. 1 1 involves 
multiple organs including I he joints, skin, kidneys, and 
central nervous system and is characterized by a waxing 
and waning course. We have previously discovered thai 
mitochondrial dysfunction, characterized by elevation of 
the mitochondrial transmembrane potential and deple- 
tion of ATP, plays key roles in aberrant apoptosis and 
preilisp-isiiion to necrosis, and likely significantly con- 
tributes to the inflammatory process in SI ,E ( I ). Recent 
observations have indicated that mitochondrial dysfunc- 
tion is associated with enhanced Or* fluxing in T 
lymphocytes from patients with SLE (2,3), providing 
potential new therapeulic targets (4-6). 

Rapamycin (sirolimus) is a lipophilic macrolide 
i i ite I mii i ,ti u i i I Sui't 'i \ i s f o/mt\ 1 he 
intracellular rapamycin receptor is a small, 12-kd EK- 
506 binding protein (FKBP12). 'I "he rapaniycin-FKBP12 
complex interacts with mammalian largct of rapamycin 
(mTOR), a protein kinase that controls T cell activation 
(7), by influencing gene tnmscription and multiple met- 
abolic palhwavs. including t 'a ' fluxing (Mi and maiale- 
nance of the mitochondrial transmembrane potential 
(9). In lupus-p:one VI R I . Ipr mice, rapamycin has been 
shown to normalize T cell mitogeii-stimulated spleno- 
cyte proliferation and mierJeukin-2 production, prevent 
the typical rise in anti-elouble-siranded DNA antibody 
and urinary albumin levels and glomerulonephritis, and 
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prolong survival (10). Rapamycin has been used safely 
and uLd \e \ i i k 1 [ -,pl it n ii iimu 
1999 (11). We hove prescribed rapamycin to treat 9 
pane ins with clinically acliw SLE who were unable to 
ink! te i" did i \ ii_-.pi i i i ! ii. j ounosiipprcssivc 
medications. The results of this ircatir.eni after 6-48 
months of followup are described herein. 



PATIENTS AND METHODS 
Patient s 1 i 1 s, j j 

studied. Nine of the pot n.-nl- received treatment with rapumv- 
in n I ill Hi t m 7 were included i ii s 

was assessed bv the Brills.) 1-le- Pupil- Assessment Group 
(ISlI.Ad, muniment t I.V; and she SI J* Disease Aetna' v Index 
(MTDAl. (14!. 
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1 n Sl ) ! i I 

phosphate buffered saline and coal rug Willi I /i a!, ml well 
monoclonal artlibodv OK i 5 ( i ki , Si id if American Type Cul- 
ture Collection, Rockvillc, Ml)) lor 1 hour at 37 G, followed bv 
addition of PBLs. (D2,S coslimuhrlion was performed by 
addition olPsilil no/ml monoclonal antibody < 1)28.2 (PharM- 
inaen. San Diego, ( 'As Rapid tdr sisra, lima wars investigated 
after' direel addition ol'OK'B ami < 1)28.2 .o PHla preloaded 
with Fluo-3 (see below). 

Flow cytometric analysis m' iniioi iioiKiriai traiismcni- 
hnine jmleiilial. Mitochondrial transmembrane noleniial 
1 i ' An rmethylrho- 

H I |1 I | \ I 

staining with 4 nin 3,3'-dihe:o. loxaearhoevamnc iodide 
(DiOQ), acationic lipophilic dvc i 15). lor 15 minutes at 37°C 
in the dark before How eyiom.-lry (excitation 488 nm. emission 
525 rim: rccoicid In II -P. (del re a men t with a protonophore, 

H V s ill ii \ l i i I ii 1 I el \l v h . ami 

15 minnlc- at 37 V is. sailed in .leerea*eJ tetramethylrhodam- 
ine and DiOC, (16. Hi. All iiiaoreseenl nrobos were oblaimd 
Irom Molecular Probe- fl uaene. OR,. ' 

Measurement nf cytoplasmic and immclmndrial oil- 
cam, leu-is. ( vt , , in i , ] hod , 
is e t 1 i hn Is I I t, 3 icetoxymethyt 

te \M KM IM j II s i i n i ill 

I i I) \lu ii I ' si n i \ i 

il 1 1 dt i tin i e I ii] ii in. i i i i i 



large increase in fluorescence intensity upon binding of cal- 
cium. To mil, inn il\( i tli ji. I..- Ii is, 1 i 1 l 
ware j id it k m 1 I 1 tn u ite with Okl and 

anti-OD28 mom> vil n .. mt bed i . „. ^ | | , n ln , i_ . i_ . i LL ,,| 
annesin V- ceil- was com inuoa -iv reeordedi b\ flew evtom- 
ctrv. ttf levds , u- , c p- , p;- . , t mm turn were 
measured in -lamina with Paio-5 at the Icnnination ei incu- 
bation, in parallel will: staining with .he- monitoring A*,,,, 
phosphatidylserinc ( PS ) exie.nahyai lor., are 1 ceil antigen 
expression Mil i 1 1 I b r j tn ) were esti- 
its All i ii i _ iIil , JI \ Hli 1 1/ Kn , 1 5 \\1 , h i- 
compartmenlalized into the iratodiondria (18). Samples were 
analyzed using an I.SRI] flow cviometu (Bieton Diekim-on. 




p- 0.0062 



Group rt.II AC) a l,i,i I , a 1 i Ii i i is I n .e is. \irrn 

Index (SLED AJ I s r,i i m ')p itknt* v itli 
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'able 2. Clinical Ju kiMi I ti " uiu Si J patients not tt with r 11 1 at 1 tut t 1 ss 1 1 I n t 1 1 in 1 , in 11 » ami 



1 Alopecia, pericarditis, 01 ill ulcers Auti-DNA ( 
iiliplhfrptHvlipM syndroms; I .AC lupus anlieea.iu:ati( (sec 'I able I for other definitions). 
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controls, 7 systemic lupus auhcinalosus .SI !•) patients 1101 Mealed 
with lapaimcin. ami 0 SI J p.n-crP 1 tea ted with 1 apamycin. Values are 
lit. tin tt ui IS) M /' it r t U . d nt I 1; 1 n 1 
(a fluxing 111 C Jji ( I ) unit 1, , , 111 d hiupliocvtes 

il'liJ si If .11 - 1 1, ll.h < flols - Si 1 , ,„, ' , ,,, I I 1 1, 

rapamycin and a SI 1 padeni.- Heated utth rapamvcin. f'BLs were 
preloaded with Fluo-3 and stimulated with < >K I • and .mii-OiS 

111. 11 It 1 il mill li II I J ntloieseeliee o' I lt\ltl V- T 

cells was continuous!) ieeorded [v. fl.w euonieir.. Values at. die 
mean si M . 1 , 1 t, , , | , | 



Mountain View, CA.i equipped with 20 mW argon (emission 
488 am) and 16 m\\ helium-neon lasers (emission 634 run). 
Using 4-coIor tnt nan >tli ore eepee, c\t. solic and mitochon- 
drial Gr- levels, .Vl'„, and PS extemalizalion tMlhin T cell 
subsets weie concurrently anaiv/eci lie parallel staiium. wild I) 
FjW3oiJJt>( I 2 R! I 1 tc tt 1 1 \l It l,n ,,e 

UCffn recognizjn^ ,, i 1 ' ,,' 1 

10,000 cells. In each experiment. SI. I: sit lent and control cells 
were studied in parallel. 

Statistical analysis. Results were analyzed by Student's 
'-test, /'values less than 0.05 were considered significant. 



RESULTS 

Clinical features of the 9 SLH palients at the time 
of initiation of rapamycin treatment are shown in Table 
i. Rapamycin was well toleraled ami proved effective for 
control of disease activity in all 9 patients. Disease 
activity (by BILAO score and SLEDAI) and concurrent 
prednisone dosage at the time of rapamvcin inilialion 
and the last followup visit (after 6-48 months of treat- 
meni) are shown in Figure 1. The BILAG disease flare 
index was reduced in 7 patients, unchanged in 1 patient, 

I he BILAG score (which is considered to be a highly 
sensitive instrument for detecting disease flares) was due 
to transient arthralgias during the last observation pe- 
riod, which did not require adjustment of the prednisone 
dosage. At the last followup, the mean ± SEM reduction 
in the BILAG score in the 9 patients compared with 
pretreatment was 1.93 ± 0.9 (P = 0.0218). The SLEDAI 
was reduced by 5.3 ± 0.8 (range 2-8) (P = 0.00002). 
Three of the patients had cvtiophosphamide-ireated 
lupus nephritis. In all 3, the nephritis remained in 
reimssKu: throughout the period of rapamvcin treat- 
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meni wit i iiial scrum creatinine lc\el\ md urimi rv 
protein levels ■ ^ i i_ 2- h u s 

Ai tin hi. , r LiMimjin initiation, anti-DNA 
mtih k s i t t . t t - ^ n. ^Lvated in 2 
patients i patients 3 and o,. ,\i followup. complement 
leveis were normalized in both patients, and anti-DNA 
had become negative in patient 3. After 7 months of 
rapamvcin administration, arthritis and fatigue were 
suppressed and the anti-DNA titer reduced from 1,111 
1U ml to 273 lU/iii] (normal <99) in patient 9. 

Prior to initiation of rapamvcin therapy, pred- 
nisone treatment was required in 7 of the 9 patients 
(Figure 1). After clinical control was established and 
disease activity was reduced as determined by the BI- 
LAG and SLE DAI, prednisone at >10 mg/day was 
tapered by decrements of s*5 trig in a 2-week period, 
prednisone at 5-10 mg/day was tapered by decrements 
of 1 mg in a 2-week period, and prednisone at <5 
mg/day was tapeied by ilecremciiis of 1 mg in a 4-week 
period. After treatment with rapamvcin. the mean ± 
SI..M rediiciioii in die daily dosage of prednisone in the 
7 patients was 26.4 ± 6.7 mg (P~= 0.0062). 

Clinical features of the 7 control SEE patients 
not treated with rapamyein are shown in Table 2. The 
disease activity scores of these patients were higher 
than those of patients who bad received 6-48 months 
of rapamvcin treatment (mean BILAG score 5.00 
versus 2.11 [P = 0.02]; mean SLE DAI score 3.14 ver- 
sus 1.55 [P = 0.11]). These observations are also consis- 
tent with the notion that rapamvcin treatment is bene- 
ficial in SLE. 

T cells from 7 healthy controls, 7 SLE controls, 
and 6 rapamycin-trealed SLE patients were used for 
studies ofCa : signaling and mitochondrial transmem- 
brane potential While mitochondrial hyperpolarization 
(Mlll'i persisted (Figure 2A), baseline [Ca 2 ] c and 
|Ca |„, and T cell act iva lion-induced rapid Ca 2+ flux- 
ing were normalized in rapamycin-treated patients 
(Figure 2B). T cells from SLE patients not receiving 
rapamyein showed sismificantly elevated Ca 24 levels at 
each lime point, with P values versus levels in health', 
controls ranging between 0.0008 a! time 0 to 0.023 at 16 
minutes. In contrast, the level of CD3.CD2S-induced 
Ca 2+ " fluxing in T cells from rapamycin-treated SLE 
paiicrir- was n,,| significantly different from that in cells 
from healthy donors. 

DISCUSSION 

bindings in this study of 9 rapamycin-treated 
I'ulicnts indicate that i ipamyeir sail effectively control 
disease activity m SLE. .Arthritis unproved in all 9 



patients, and cyclophosphamide-treated nephritis in 3 
patients remained in remission during rapamvcin treat- 
ment. 1 he single daily oi ai adm mistral u m and small size 
of the pill were liked and well-tolerated by all patients. 
None of the patients discontinued the drug due to lack 
of efficacy or adverse effects. 

Lupus T cells exhibit mitochondrial dysfunction, 
resulting in altered Ca 2 ' fluxing and predisposition to a 
necrotic, rather than apoptotic, form of cell death (1). 

1 1 , . I - I I I 19) { i , u 

with cells from rheumatoid arthritis patients and health; 
controls. T cells from patients with SI I exhibit elevated 
AT'™ or MHP (1,20) and enhanced Ca 2 ' fluxing upon 
CD3/CD28 eosiimulatton 1 2 21) MHP is associated with 
increased mitochondrial mass in lupus T cells (21). 
Mitochondria can fake up, store, and release Ca 2 and 
play a substantial role in shaping Ca 2 ' signals in many 
cell types (18,22). including human T lymphocytes (3). 
Due to its effects on A^„ (9) and Ca 2 " fluxing (8). 
rapamyein may be particularly effective for the treat- 
ment of SEE. Therefore, we examined M' m , [Ca 2+ 'L., 
[Ca 2 " ]„„ and CD3/CD28-induced Ca fluxing in I cells 
Irom 6 rapamycin-treated patients with SEE. The re- 
markable impact of rapamvcin on T cell activation- 
induced rapid Ca 2 "" fluxing is consistent with recent 
observations on the role of tn'I'OR in regulating inositol 
triphosphate receptor-induced Ca 21 release from the 
endoplasmic reticulum (23). Such Ca 2 * release is nec- 
essary for the operation of Ca 2 "' release-activated Ca 2H " 
channels in the plasma membrane (24). These findings 
suggest that the therapeutic effect of rapamyein may be 
related to its selective effect on Ca 2, fluxing without 
influencing Ml IP ol lupus I cells. 

In summary, rapamyein has shown positive ef- 
fects in murine lupus, and. all hough the invesligation 
included only a very small number of patients, the 
patients in the present study, whose SLE had been 
refractory to most traditional treatments, benefited from 
rapamyein therapy. Tcell activation-induced rapid Ca 2+ 
lluxing was normalized and c add serve as a biomarkcr 
of response in rapamycin-treated patients. While addi- 
tional research is clearly needed to explain its mecha- 
nism of action, prospective double-blind and placebo- 
controlled e'mical studies lot establishing a rok ol 
rapamyein in treatment of SEE seem warranted. 
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